Polycystic kidney disease (PKD), the most common genetic cause of chronic kidney failure, is characterized by the presence of numerous, progressively enlarging fluid-filled cysts in the renal parenchyma. The cysts arise from renal tubules and are lined by abnormally functioning and hyperproliferative epithelial cells. Despite recent progress, no Food and Drug Administration-approved therapy is available to retard cyst growth. MicroRNAs (miRNAs) are short noncoding RNAs that inhibit posttranscriptional gene expression. Dysregulated miRNA expression is observed in PKD, but whether miRNAs are directly involved in kidney cyst formation and growth is not known. Here, we show that miR-17∼92, an oncogenic miRNA cluster, is up-regulated in mouse models of PKD. Kidney-specific transgenic overexpression of miR-17∼92 produces kidney cysts in mice. Conversely, kidney-specific inactivation of miR-17∼92 in a mouse model of PKD retards kidney cyst growth, improves renal function, and prolongs survival. miR-17∼92 may mediate these effects by promoting proliferation and through posttranscriptional repression of PKD genes Pkd1, Pkd2, and hepatocyte nuclear factor-1β. These studies demonstrate a pathogenic role of miRNAs in mouse models of PKD and identify miR-17∼92 as a therapeutic target in PKD. Our results also provide a unique hypothesis for disease progression in PKD involving miRNAs and regulation of PKD gene dosage.
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cilia | kinesin family member 3A | autosomal dominant polycystic kidney disease P olycystic kidney disease (PKD) is among the most common monogenic human diseases (1, 2) . PKD is characterized by the presence of numerous fluid-filled cysts in the renal parenchyma. The cysts arise from renal tubules and are lined by abnormally functioning epithelial cells. The cyst epithelial cells secrete excessive fluid and display high rates of proliferation, which results in cyst expansion. The expanding cysts compress the surrounding normal nephrons, which cause renal failure. Based on the mode of inheritance, PKD is classified into autosomal dominant PKD (ADPKD) and autosomal recessive PKD (ARPKD). ADPKD is caused by mutations of PKD1 or PKD2, which encode polycystin-1 and polycystin-2, respectively. ARPKD is caused by mutations of polycystic kidney and hepatic disease 1 (PKHD1) which encodes fibrocystin (1, 3). Polycystin-1, polycystin-2, and fibrocystin localize to the primary cilium, a sensory organelle present on the apical surface of most cells in the body. Abnormalities of the primary cilium are linked to the pathogenesis of many forms of cystic kidney diseases, including PKD (1, 4, 5) . Despite recent advances, no Food and Drug Administration-approved therapy is available for PKD patients.
MicroRNAs (miRNAs) are noncoding RNAs that constitute the endogenous RNA interference pathway. miRNAs are transcribed as primary miRNAs (pri-miRNAs), which are sequentially processed by the enzymes Drosha and Dicer to produce mature miRNAs (6) . Watson-Crick base pairing between nucleotides 2-8 (seed sequence) at the 5′ end of the mature miRNA and sequences predominantly located within the 3′ untranslated regions (UTRs) of target mRNAs results in posttranscriptional gene silencing (6) . Aberrant miRNA expression is observed in numerous diseases (7), and correcting miRNA expression has emerged as a novel therapeutic approach (8, 9) . miRNAs are implicated in normal kidney development (10) and the pathogenesis of several kidney diseases (11) .
Dysregulation of miRNA expression is observed in PKD (12, 13) . However, whether miRNAs are directly involved in cyst formation and growth is not known. The goal of this study was to prospectively determine the contribution of miRNAs to the pathogenesis of PKD in animal models. We report that the miR-17∼92 miRNA cluster is up-regulated in mouse models of PKD. Using gain-of-function and loss-of-function alleles of miR-17∼92, we demonstrate that miR-17∼92 modulates kidney cyst growth in mice. We show that miR-17∼92 promotes cyst epithelial proliferation and inhibits the posttranscriptional expression of PKD genes Pkd1, Pkd2, and hepatocyte nuclear factor 1β (Hnf-1β) through interaction with their 3′ UTRs. These findings provide a mechanism by which miR-17∼92 promotes cyst growth and identify inhibition of miR-17∼92 as a potentially useful therapeutic approach in PKD. To identify miRNAs that are differentially expressed between cystic kidneys and normal kidneys, we performed miRNA microarrays using RNA from kidneys of control and kidney-specific-cadherin (Ksp)/cre;Kif3a F/F (Kif3a-KO) mice, an animal model of PKD. In Kif3a-KO mice, cre recombinase is specifically expressed in the developing renal tubules and ureters (14) where it inactivates kinesin family member 3A, a motor protein that mediates anterograde intraflagellar transport in the primary cilium. As shown in ref. 4 , Ksp/cre-mediated inactivation of Kif3a resulted in the loss of primary cilia from renal tubules and the formation of kidney cysts. Loss of cilia was detected by postnatal day (P)10 ( Fig. S1 ) and was followed by the formation of numerous cysts (Fig. S2) . Cysts progressively increased in size and number, and by P28, the expanding cysts caused gross enlargement of the kidneys and produced renal failure (Fig. S2) .
miRNA microarray analysis revealed that 64 miRNAs were differentially expressed in kidneys from 28-d-old Kif3a-KO mice and control mice (Fig. S3) . Notably, members of the miR-17∼92 cluster (miR-17, miR-18, and miR-20a) were up-regulated in Kif3a-KO kidneys. miR-17 has been implicated in the pathogenesis of pronephric cysts in Xenopus (15), but its role in the metanephric kidney and mouse models of PKD is not known. Therefore, we studied the miR-17∼92 miRNA cluster in greater detail. miR-17∼92
Author contributions: V.P. conceived the idea; V.P., D.W., S.H., and P.I. designed research; V.P., D.W., S.H., and R.H. performed research; M.P. and S.S. contributed new reagents/ analytic tools; V.P., D.W., S.H., and P.I. analyzed data; and V.P. and P.I. wrote the paper. is an evolutionarily conserved miRNA cluster that primarily encodes six miRNAs: miR-17, miR-18a, miR-19a, miR-19b-1, miR20a, and miR-92a-1 ( Fig. S4 A and B) . Quantitative RT-PCR (qRT-PCR) analysis confirmed that miR-17, miR-18a, miR-19a, and miR-20a were up-regulated in kidneys from 28-d-old Kif3a-KO mice compared with control mice (Fig. 1A) . To determine whether up-regulation of the miR-17∼92 cluster is present in other forms of PKD, we analyzed Pkd2, Pkhd1, and Hnf-1β mutant mice. The expression of members of the miR-17∼92 miRNA cluster was increased in cystic kidneys from Pkhd1/cre;Pkd2 F/F mice (16) , an orthologous model of ADPKD; Pkhd1 −/− mice (17), an orthologous model of ARPKD; and Pkhd1/cre;Hnf-1β F/F mice (18) , an orthologous model of renal cysts and diabetes, compared with their respective controls ( Fig. 1 B-D) . Thus, up-regulation of the miR-17∼92 cluster is observed in multiple mouse models of PKD.
Next, we examined whether the up-regulation of the miR-17∼92 cluster was temporally associated with cyst initiation or cyst expansion. Kidney cysts begin to form at P10 in Kif3a-KO mice and rapidly expand at P21 and P28 (Fig. S2) . The expression of the miR-17∼92 miRNA cluster was increased in kidneys from 21-d-old Kif3a-KO mice compared with kidneys from agematched control mice (Fig. S2 ). However, analysis at P14 showed similar levels of expression in kidneys from Kif3a-KO mice and control mice (Fig. S2 ). These results indicate that up-regulation of miR-17∼92 is associated with cyst expansion rather than cyst initiation in Kif3a-KO mice.
Kidney-Specific Transgenic Overexpression of miR-17∼92 Produces
Kidney Cysts. To determine whether the increased levels of miR-17∼92 in PKD are functionally significant, we produced transgenic mice that overexpress miR-17∼92 specifically in renal tubules. Kidney-specific miR-17∼92-overexpressing mice (miR-17∼92 OE mice) were produced by breeding Ksp/cre mice with mice harboring a cre-inducible miR-17∼92 transgene (19) . The miR-17∼92 transgene contains (from 5′ to 3′ orientation) a CAG promoter, a loxP-flanked neomycin (Neo)-STOP cassette, genomic DNA fragment encoding the human miR-17∼92 miRNA cluster, a frt-flanked internal ribosomal entry site-enhanced green fluorescent protein (IRES-EGFP), and polyadenylation signal (Fig. S4C ). In the absence of cre/loxP recombination, the Neo-STOP cassette prevents transcription of the miR-17∼92 transgene. After cre/loxP recombination, the Neo-STOP cassette is deleted, resulting in the expression of miR-17∼92 transgene. Age-matched littermates that were Ksp/cre-positive were used as controls. qRT-PCR analysis confirmed up-regulation of miRNAs derived from the miR-17∼92 cluster in kidneys from miR-17∼92 OE mice compared with kidneys from control mice ( Fig. 2A) . Normal kidney histology was observed in control mice (Fig. 2C) . In contrast, tubular dilation, tubular cysts, and glomerular cysts were observed in kidneys of miR-17∼92 OE mice (Fig. 2C and Fig. S5 ). miR-17∼92 OE mice were monitored until 5 mo of age, and no lethality was observed over this time period. Staining with specific renal tubule markers showed that tubular cysts were primarily derived from collecting ducts and loops of Henle, which are the major sites of cre expression in this animal model (Fig. 2C) . Collectively, these findings demonstrate that overexpression of miR-17∼92 is sufficient to produce kidney cysts in mice.
Inactivation of miR-17∼92 Retards Cyst Growth in Mouse Model of PKD. Next, we asked whether inhibition of miR-17∼92 affected cyst growth. To test this hypothesis, we first deleted miR-17∼92 in renal tubules using cre/loxP recombination. Ksp/cre mice were crossed with miR-17∼92 F/F mice (20) to generate Ksp/cre;miR-17∼92 F/F (referred to as miR-17∼92 KO) mice. miR-17∼92
F/F mice contain loxP sites in the genomic DNA flanking the coding sequences of the miR-17∼92 miRNA cluster (Fig. S4D ). PCR analysis detected the recombined allele of miR-17∼92 in genomic DNA from kidneys of miR-17∼92 KO mice, confirming cre-mediated recombination (Fig. S4E) . qRT-PCR analysis showed that the expression of the primary miR∼92 transcript was decreased by ∼60% (Fig. S4F) , and the expression of mature miRNAs was decreased by 40-50% (Fig. 2B ) in kidneys of miR-17∼92 KO mice compared with control mice. miR-17∼92 KO mice were phenotypically normal, fertile, and did not display any appreciable defects in kidney morphology and histology (Fig. 2C) . Thus, deletion of miR-17∼92 by itself does not affect renal tubule development. We then inactivated miR-17∼92 in renal tubules of Kif3a-KO mice (Fig. S6A) . Kif3a F/F mice were bred with Ksp/cre;miR-17∼92 F/F mice, and the first and second generation progeny were intercrossed to generate Ksp/cre;Kif3a F/F ;miR-17∼92 (Kif3a-miR-17∼92 KO) mice and Ksp/cre;Kif3a F/F ;miR-17∼92
(Kif3a-KO) mice. Double-knockout mice (Kif3a-miR-17∼92-KO) showed reduced cyst growth compared with single Kif3a-KO mice ( Fig. 3A and Fig. S6B ). The kidney weight-to-body weight ratio was reduced by 41%, cyst index was reduced by 28%, and average cyst size was reduced by 41% in Kif3a-miR-17∼92-KO mice compared with Kif3a-KO mice (Fig. 3 B-D) . The total number of cysts was not different between the two groups (Fig. 3E) . Compared with Kif3a-KO mice, the level of serum creatinine in Kif3a-miR-17∼92-KO mice was decreased by 29%, and the median survival was increased by 36 d (Fig. 3 F and G) . Thus, inactivation of miR-17∼92 attenuates cyst growth, improves renal function, and prolongs survival of Kif3a-KO mice.
miR-17∼92 Promotes Proliferation and Regulates the Posttranscriptional
Expression of PKD Genes. Since increased cell proliferation may underlie the growth of kidney cysts, we determined whether miR-17∼92 affects cyst growth by promoting proliferation. Kidney sections from 28-d-old control, miR-17∼92 OE, Kif3a-KO, and Kif3a-miR-17∼92-KO mice were stained with an antibody against Ki-67 to label proliferating cells (Fig. 4A) . The proliferation index of renal tubular epithelial cells was increased more than twofold in miR-17∼92 OE kidneys compared with control kidneys, indicating that overexpression of miR-17∼92 results in increased proliferation of renal tubular cells (Fig. 4B) . Conversely, the proliferation index of cyst epithelial cells was decreased by 42% in Kif3a-miR-17∼92-KO kidneys compared with Kif3a-KO kidneys, indicating that inhibition of miR-17∼92 results in decreased proliferation of cyst epithelial cells (Fig. 4C) .
To further understand the molecular mechanisms, we identified miR-17∼92 targets that are involved in the pathogenesis of PKD. Bioinformatic analysis (21) suggested that PKD1 and PKD2 contain evolutionarily conserved miR-17 binding sites in their 3′ UTRs (Fig. S7) . miR-17 has been shown to posttranscriptionally regulate Pkd1 and Pkd2 in cultured cells (15, 22, 23) . However, whether miR-17 inhibits Pkd1 or Pkd2 expression in vivo is not known. HNF-1β, mutations of which produce renal cysts and diabetes (RCAD), contains an evolutionarily conserved miR-92 binding site in its 3′ UTR (Fig. S7) , but regulation by miR-92 has not been studied. HNF-1β is an epithelial-specific transcription factor that regulates the expression of cystic disease genes, including Pkd2 and Pkhd1 (18, 24, 25) . Polycystin-1, polycystin-2, and HNF-1β retard cell proliferation (25) (26) (27) . Thus, we hypothesized that miR-17∼92 promotes cyst growth, in part, through direct and indirect repression of a network of PKD genes.
Overexpression of miR-17∼92 in the kidney resulted in decreased expression of Pkd1, Pkd2, Hnf-1β, and Pkhd1 (Fig. 4D) . Conversely, deletion of miR-17∼92 in Kif3a-KO mice resulted in increased expression of Pkd1, Pkd2, Hnf-1β, and Pkhd1 (Fig. 4E ). Next, we tested whether miR-17∼92 directly repressed Pkd1, Pkd2, and Hnf-1β expression in renal epithelial cells. Luciferase reporter assays revealed that miR-17 repressed the 3′ UTRs of Pkd1 and Pkd2, and miR-92a repressed the 3′ UTR of Hnf-1β (Fig. 4 F-H) . Mutations of the miR-17 binding sites abrogated the repression of Pkd1 and Pkd2, and mutation of the miR-92a binding site abrogated the repression of Hnf-1β (Fig. 4 F-H) . Taken together, these results indicate that members of the miR-17∼92 cluster repress Pkd1, Pkd2, and Hnf-1β in vivo through interaction with binding sites in their 3′ UTRs.
Discussion
We provide three lines of evidence implicating miR-17∼92 in the pathogenesis of kidney cyst growth. First, the miR-17∼92 miRNA cluster is up-regulated in cystic kidneys from four different mouse models of PKD, suggesting that increased levels of miR-17∼92 may be a frequent feature of PKD. miRNAs encoded by the miR-17∼92 cluster are classified into four different families. Because members of each family have identical seed sequences, they are predicted to target the same mRNA transcripts. Upregulation of members belonging to the same miRNA families was observed (e.g., miR-17 and miR-20a), which suggests that individual miR-17∼92 miRNAs cooperate in reducing the expression of target genes in cystic kidneys. miRNAs can be up-regulated because of increased transcription or enhanced posttrancriptional processing of primary miRNA transcripts. We found that the expression of pri-miR-17∼92 was increased in 21-d-old and 28-d-old, but not in 14-d-old, Kif3a-KO mice (Fig. S8) . These results are consistent with the pattern of expression of the mature miRNAs and indicate that increased transcription is responsible for miR-17∼92 up-regulation in Kif3a-KO kidneys. The oncogene c-Myc binds to the promoter of the miR-17∼92 cluster and activates its transcription (28) . c-Myc is a target of wingless (wnt)-β-catenin signaling. We have shown that canonical wnt-β-catenin signaling is up-regulated and the expression of c-Myc is increased in cystic kidneys from Kif3a-KO mice (4) . In this study, we found that the expression of c-Myc correlated with the expression of primiR-17 in Kif3a-KO kidneys (Fig. S8) . Expression of pri-miR-17 and c-Myc was also increased in kidneys from Pkhd1/cre;Pkd2 F/F mice and Pkhd1/cre;Hnf-1β F/F mice compared with their respective controls (Fig. S8) . These results suggest that c-Myc-dependent transcriptional activation may also underlie up-regulation of miR-17∼92 in Pkd2 and Hnf-1β mutant mice.
As a second line of evidence, we have shown that kidneyspecific transgenic overexpression of miR-17∼92 produces cysts in mice. These results directly link miR-17∼92 to cyst formation. The kidney cysts that develop in miR-17∼92 OE mice are similar to the cysts that are observed in Pkd1 knockout mice (29) , but the disease progression is milder. Unlike kidney-specific Pkd1 null mice that develop rapidly fatal PKD soon after birth (generated with the same cre deleter strain), the development of cysts in miR-17∼92 OE mice is slower and less severe. The renal phenotype of miR-17∼92 OE mice is similar to mice that are homozygous for a hypomorphic allele of Pkd1 (30). Both Pkd1 hypomorphic mice and miR-17∼92 OE mice develop slowly progressive cystic kidney disease and survive long term. In both cases, the cysts are lined by hyperproliferative epithelial cells and originate primarily from the distal nephron. Glomerular cysts are also observed in both mice. The phenotypic similarity to Pkd1 hypomorphic mice supports the hypothesis that reduced PKD gene dosage contributes to cyst formation in miR-17∼92 OE mice (see below).
Third, we show that inactivation of miR-17∼92 retards cyst growth in Kif3a-KO mice. These studies demonstrate a pathogenic role of miRNAs in a mouse model of PKD and provide genetic proof-of-principle for inhibition of miR-17∼92 as a unique therapeutic approach in PKD. Whether inactivation of miR-17∼92 will also retard cyst growth in orthologous models of PKD needs to be verified. miR-17∼92 is amplified in numerous cancers where it promotes cell proliferation, and increased proliferation may also underlie the growth of kidney cysts in PKD. We found that overexpression of miR-17∼92 resulted in increased proliferation of renal tubule epithelial cells, whereas inactivation of miR-17∼92 resulted in decreased proliferation of cyst epithelial cells, providing one potential mechanism by which miR-17∼92 may promote cyst growth.
miRNAs exert their biological effects by fine-tuning the expression of multiple target genes, which often encode proteins that regulate the same biological process (8) . Although the effects of miRNAs on individual mRNA targets are typically modest, the cumulative effects of targeting multiple genes in the same pathway may be significant. Consistent with this notion, we found that miR-17∼92 modestly inhibited the expression of multiple PKD genes in vivo. The effects of miR-17∼92 on Pkd1, Pkd2, and HNF-1β appear to be direct, because functional miRNA binding sites were identified in the 3′ UTRs. The effects on Pkhd1 may be indirect, possibly mediated by down-regulation of its transcriptional activator HNF-1β (31) . Accumulating evidence indicates that reduced dosage of PKD genes promotes cyst growth in humans and mice (30, (32) (33) (34) (35) . Whereas haploinsufficiency of individual PKD genes in mice causes the formation of only lateonset cysts (Pkd1 +/− , Pkd2 +/− ) or no kidney cysts (Pkhd1
, HNF-1β
), concomitant reduction in the dosage of multiple PKD genes can exacerbate cyst formation. Genetic interaction studies have shown that mice with combined mutations of Pkd1 and Pkd2, Pkd1 and Pkhd1, or Pkd2 and Pkhd1 have more severe cystic phenotypes than mice with single gene mutations (16, (36) (37) (38) . Likewise, studies of human families with PKD have shown that individuals with combined mutations of PKD1 and PKD2 or PKD2 and PKHD1 have more severe disease than siblings with single gene mutations (35, 39) . A recent study has shown that humans with ADPKD who also are heterozygous for mutations of HNF-1β have more severe kidney abnormalities (35) . The role of reduced gene dosage is further supported by studies of mice harboring hypomorphic alleles of PKD genes (30, 34) . As discussed above, Pkd1 hypomorphic mice and miR-17∼92 OE mice have similar cystic phenotypes, suggesting that reduced Pkd1 gene dosage contributes to cyst formation in miR-17∼92 OE mice. Taken together, these findings support the hypothesis that concomitant reduction in the expression of multiple PKD genes, e.g., due to up-regulation of miR-17∼92, can promote cyst formation. Conversely, inhibiting miR-17∼92 may provide clinical benefit in PKD by increasing the expression of PKD1, PKD2, and HNF-1β. miR-17∼92 is known to regulate other signaling pathways, such as mTOR and TGF-β pathways, which are also implicated in the pathogenesis of cyst growth (28, (40) (41) (42) . Bioinformatics algorithms predict that members of the miR-17∼92 cluster target thousands of mRNAs for posttranscriptional silencing. Therefore, it is likely that miR-17∼92 modulates cyst growth through repression of many other genes besides the PKD genes.
In conclusion, we have shown that the miR-17∼92 miRNA cluster regulates kidney cyst growth. Up-regulation of miR-17∼92 promotes cyst growth, in part, by stimulating proliferation and inhibiting the posttranscriptional expression of cystic disease genes (Fig. S9) . Our results provide a unique mechanism involving miRNAs and regulation of PKD gene dosage in the pathogenesis of kidney cyst growth and suggest that inhibition of miR-17∼92 may represent a useful therapeutic approach in PKD.
Methods
Mice. Ksp/cre mice (14) , Pkhd1/cre mice (5) paraformaldehyde at 4°C for 2-4 h, and embedded in paraffin. Sagittal kidney sections were stained with hematoxylin and eosin (H&E) and examined by light microscopy. All kidneys were photographed under the same magnification. ImageJ analysis software was used to calculate the cyst index, cyst size, and count the number of cysts. Cyst index refers to the cumulative area of cysts within the total area of the kidney. The entire sagittal kidney section was used to calculate cyst burden. To calculate proliferation index, kidney sections were stained with an antibody against Ki-67, a marker of proliferating cells. Multiple fields of each kidney section were photographed by using 20× objective. AxioVision sofware (Zeiss) was used to count the percentage of Ki-67-positive cells in a kidney section. For the data shown in Fig. 4B , 80,459 tubule epithelial cells from kidneys of three control mice, and 78,642 tubule epithelial cells from kidneys of three miR-17∼92OE mice were counted. For the data shown in Fig.  4B, 4 ,378 cyst epithelial cells from kidneys of three Kif3a-KO mice and 6,739 cyst epithelial cells from kidneys of three Kif3a-miR-17∼92-KO mice were counted.
miRNA Mimics. The following miRNA mimics were purchased from Dharmacon (Thermo Fischer Scientific): miR-17 (catalog no. C-310561-07-0005), miR-92a (catalog no. C-310526-03-0005), and negative control (catalog no. CN-001000-01-05).
3′ UTR Plasmids. The construction of the pLS-Pkd1-3′-UTR and pLS-Hnf-1β-3′-UTR plasmid has been described (10). Site-directed mutagenesis was performed to mutate the miR-17 binding site in the pLS-Pkd1-3′-UTR construct. See SI Methods for more details.
Luciferase Assay. See SI Methods for more information.
Statistical Analysis. Data are shown as mean ± SEM. The significance of differences between the means was calculated by using Student's t test. ANOVA followed by Dunnett's test was used for multiple comparisons. Mantel-Cox test was used to compare differences in survival between Kif3a-KO mice and Kif3a-miR-17∼92-KO mice. P < 0.05 was considered statistically significant.
